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Abstract

Background—The use of testosterone among aging men has been increasing, but results from
studies addressing the effectiveness of testosterone replacement therapy (TRT) have been
equivocal.

Objective—Given our prior pre-clinical studies that reported a major influence of oxidative
stress (OS) on testosterone’s neuroprotective effects, we investigated whether the negative effects
of testosterone on brain function were predicted by oxidative load.

Methods—In order to test our hypothesis, we determined whether circulating total testosterone
and luteinizing hormone (LH) correlated with cognition in a subset of the Texas Alzheimer’s
Research & Care Consortium (TARCC) cohort, consisting of Caucasian (n=116) and Mexican-
American (n=117) men. We also assessed whether OS (as indexed by homocysteine levels)
modified this relationship between sex hormones and cognition, and whether the levels of two
antioxidants, superoxide dismutase-1 (SOD), and glutathione S-transferase (GST) varied as a
function of circulating testosterone.
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Results—In a low OS environment, testosterone was positively associated with the level of the
antioxidant, GST, while no deleterious effects on cognitive function were noted. In contrast, under
conditions of high OS (homocysteine levels >12 pM), testosterone and LH were associated with
cognitive impairment, but only among Caucasians. The ethnic difference was attributed to
significantly higher GST levels among Mexican-Americans.

Conclusion—While testosterone may be beneficial under conditions of low OS, testosterone
appears to have negative consequences under conditions of elevated OS, but only in Caucasians.
Mexican-Americans, however, were protected from any deleterious effects of testosterone,
potentially due to higher levels of endogenous antioxidant defenses such as GST.
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INTRODUCTION

It is estimated that between 20-50% of men over the age of 60 are hypogonadal on the basis
of their circulating total testosterone levels in the Baltimore Longitudinal Study of Aging
(BLSA). Similarly, approximately 38% of men over 45 years of age are estimated to be
hypogonadal in the Hypogonadism in Males (HIM) study [1]. In our study of cognitively
intact, mild cognitive impairment (MCI), and Alzheimer’s disease (AD) male participants
over 50 years of age, 25% and 58% of the Caucasian men and 5% and 50% of the Mexican-
American men were hypogonadal or borderline hypogonadal, respectively. These estimates
indicate that a significant number of men may be candidates for testosterone replacement
therapy (TRT).

In aging men, low testosterone levels are predictive of future mobility limitations and frailty
[2, 3]. Symptoms of testosterone deficiency in aging men include low muscle mass and
strength, decreased ratio of lean body mass to adipose tissue, osteoporosis, decreased libido,
decreased hematocrit, impaired cognition, and mood disorders [4]. TRT has been considered
as a restorative/protective treatment in men against neurodegenerative disease [5, 6]. TRT
has become widespread [1], as evidenced by the three fold increase in TRT prescription
sales for men over 40 years of age this past decade [7]. However, in contrast to findings in
younger hypogonadal men, the protective effects of TRT in older men have been equivocal
[8-13]. For example, 20-28% of aging men experience either no response or a negative
adverse event in response to TRT [10, 14]. Importantly, these adverse effects of TRT appear
to be concentration dependent, with serious adverse effects observed in 28% of aging men
with testosterone levels >10 ng/ml, 23% of aging men with 5-10 ng/ml total testosterone,
and 15% of aging men with testosterone <5 ng/ml [15].

Concerns about the efficacy and safety of TRT in aging men have been raised by the FDA,
and the value of TRT trials was questioned by the NIH. In order to address these concerns,
the Institute of Medicine reviewed epidemiologic data on the levels of testosterone across
the lifespan and ascertained the risks and benefits of TRT towards gauging the potential
public health impact of TRT in the United States. Among their conclusions were that there
was insufficient data to support a clear recommendation and more research was warranted
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[16]. Current contraindications consist of obstructive benign prostatic hyperplasia,
obstructive pulmonary disease, heavy smoking, clinical prostatic carcinoma, polycythemia,
mammary carcinoma, prolactinoma, and dyslipidemia [17]. Interestingly, TRT effects on the
central nervous system have not been thoroughly examined; even though cognition is one of
the purported benefits of TRT, and advanced age along with male gender are two of the
clinical risk factors for many neurodegenerative disorders [18, 19].

A possible explanation for the variable efficacy of TRT may be that the level of oxidative
stress (OS) determines whether TRT has positive or negative therapeutic effects. OS has
been shown to contribute to neurodegeneration [18-20]. Our recent publications and those
from other laboratories have found that androgens, such as testosterone can either be
neuroprotective under conditions of low OS [21-23] or further exacerbate OS damage in a
high OS environment [23, 24].

In addition to the clinical risk factors of age and gender 16:17, ethnicity has also been found
to play a significant role in influencing the risk for neurodegenerative diseases, such as
Alzheimer’s disease (AD) and Parkinson’s disease (PD). For example, our recent studies
show increased cognitive dysfunction in Mexican-Americans diagnosed with AD and MCI
compared to Caucasians [25, 26]. Further, studies from other laboratories have found
differences in the incidence of PD between Caucasians and Hispanics [27, 28]. These studies
indicate that ethnicity is an important variable in conditions associated with OS and should
be included in clinical cohorts that are examining OS interactions.

Therefore, the current study was undertaken to determine how OS impacts the link between
testosterone and cognitive/dementia status among aging Caucasian and Mexican-American
men. It was hypothesized that normal testosterone levels in a high OS condition would lead
to detrimental effects on cognitive/dementia status. This hypothesis was based on our
previous publication showing that the extent of OS determines testosterone’s effects on
neuronal function [23].

METHODS

Participants

To achieve a range of OS values, blood was drawn from individuals over 50 years of age
enrolled in the longitudinal research cohort of the Texas Alzheimer’s Research Care and
Consortium (TARCC). AD patients met consensus-based diagnosis for probable AD based
on NINCDS-ADRDA criteria [29], MCI was defined using Petersen’s criteria [25], and
normal controls performed within normal limits on cognitive testing. Participants for the
current study were selected from the TARCC cohort based upon having measured levels of
homocysteine, total testosterone, luteinizing hormone (LH), sex hormone binding globulin
(SHBG), glutathione S-transferase, superoxide dismutase, and a CDR sum of boxes score.
The final sample of 233 participants consisted of 116 Caucasian men with a mean age of
74.5 (SD = 8.4) and 117 Mexican-American men with a mean age of 68.9 (SD = 9.3). Table
1 presents the characteristics of the sample. Institutional Review Board approval was
obtained at each TARCC site and written informed consent was obtained from participants
and/or caregivers.
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Non-fasting peripheral blood samples were collected with 10mL serum-separating (tiger-
top) vacutainers tubes at the time of interview. Samples were allowed to clot at room
temperature for 30 minutes in a vertical position before being centrifuged at 1300 x g for 10
minutes. Next, 1mL aliquots were pipetted into polypropylene cryovial tubes and placed in
—80° C freezers until shipment to TARCC Biobank (typically less than one week). Total
processing time (blood draw to freezer) was two hours or less. Samples were shipped on dry
ice to Myriad Rules Based Medicine (Myriad RBM; Austin, TX) for assessment of serum
biomarkers using the Multi-Analyte Profile (humanMAP). In an effort to relate circulating
total testosterone to markers of oxidative stress, the serum protein biomarkers selected for
analysis in this study included total testosterone, LH, SHBG, superoxide dismutase 1 (SOD),
and glutathione S-transferase alpha (GST). Information regarding the least detectable dose
(LDD), inter-run coefficient of variation, dynamic range, overall spiked standard recovery,
and cross-reactivity with other human MAP analytes can be obtained from Myriad Rules
Based Medicine (http://www.myriadrbm.com/). Measurement of serum total homocysteine
was performed in the Atherosclerosis Clinical Research Laboratory at Baylor College of
Medicine. Aliguots of serum were collected as described above and stored at —80°C
awaiting shipment on dry ice to Baylor. Serum homocysteine concentrations were measured
using the recombinant enzymatic cycling assay (Roche Hitachi 911)[30].

Total testosterone levels were separated into three groups: hypogonadal (< 2.5 ng/ml),
borderline (2.6-3.5 ng/ml), and normal (= 3.6 ng/ml), using the widely published definition
of hypogonadism that ranges from <2.3-3.5 ng/ml total testosterone [31, 32]. LH levels
were separated into two groups: normal (< 8 ng/ml) and high (= 8.1 ng/ml)[33, 34].
Homocysteine is an indicator of low folate and B-12 status [35], and has been used as a
marker for OS in the brain [36]. Homocysteine was separated into two groups: low OS (< 12
umol/L) and high OS (> 12.1 umol/L) [35, 37]. The present study investigated the
relationship between testosterone, OS and a measure of cognitive functioning, the Clinical
Dementia Rating Sum of Boxes (CDRSUM). The CDR is one of the most commonly
utilized clinical measures of clinical dementia severity in clinical trials. The CDR is a
semistructured interview of patients and informants, in which the patient’s dysfunction due
to cognitive decline was rated in six domains that include memory, orientation, judgment
and problem solving, community affairs, home and hobbies and personal care. A global
score is calculated via algorithm (scores of 0 [normal], 0.5 [questionable cognitive
impairment], 1 [mild dementia], 2 [moderate dementia] and 3 [severe dementia]). The sum
of boxes score (CDRSUM) is calculated via summation of the individual domain scores and
reflects a more refined measure that can be utilized to track changes both within and
between stages of dementia. Our group has generated interpretive guidelines for CDRSUB
scores?9:30, The CDRSUM has been widely used to stage severity of cognitive impairment
across time [38] and has been found to be able to differentiate MCI from Alzheimer’s [39].
The relationship between testosterone, OS and the levels of two antioxidants (SOD & GST)
were also investigated.
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Statistical Analysis

Data is presented as mean £ SEM, and significance was designated at p < 0.05. Univariate
ANOVA analyses by ethnicity, total testosterone, and OS were conducted on demographic
variables, irrespective of age or clinical diagnosis. Univariate ANCOVA analyses were
conducted on clinical variables, wherein age and education were used as covariates. Clinical
diagnosis was not included given that the CDRSUM was utilized as a linear outcome
variable, and therefore, severity of cognitive impairment is a direct outcome of this study.
Tukey’s HSD was used for secondary post hoc analyses. Correlations between 1) total
testosterone /LH/ SHBG and age and 2) OS and age were analyzed by Pearson correlation
with correlation significant at the 0.01 level (two-tailed). Due to the low number of subjects
among Mexican-American men in the high OS condition, a post hoc power analysis of the
association between testosterone and CDRSUM was conducted. Estimated power was at
0.701. Post hoc power calculations were made with G*Power 3.1.3 using an effect size of
0.339, a = 0.05, and a total sample size of 70 Mexican-American men in the three
testosterone groups. Effect size was calculated using group means of 4.375, 0.614, and 0.323
for hypogonadal, borderline, and normal testosterone groups, respectively. All analyses were
performed using SPSS version 20.

RESULTS

Participant characteristics and assessments

A total of 233 participants were assessed. Participants were separated based on ethnicity.
Demographic and clinical characteristics are summarized in Table 1. While the Mexican-
Americans subjects within the TARCC cohort studied were significantly younger than
Caucasians (Fq 232 = 22.813, p<0.001), the age range was similar. Mexican-Americans had
higher rates of diabetes mellitus compared to Caucasians (F1 232 = 13.694, p<0.001).
Caucasians achieved significantly more years of education than Mexican-Americans (F1 232
= 47.820, p<0.001). No differences in the prevalence of hypertension, hyperlipidemia,
obesity, or OS were found between ethnic groups.

Male participants, regardless of ethnicity, had decreased total testosterone levels as a
function of age. However, total testosterone levels were different between the two ethnic
groups. Mexican-American men had significantly higher testosterone levels than Caucasian
men (F1 232 = 65.855, p<0.001). While we did not measure free testosterone levels, analysis
of sex hormone binding globulin (SHBG) revealed that SHBG levels did not vary as a
function of testosterone levels, but rather varied similarly as a function of age in both
Caucasian (r=0.059, p<0.010) and Mexican American (r2=0.045, p<0.05) men. These
results support the use of total testosterone in the analyses presented. Homocysteine levels, a
surrogate marker for OS, were not significantly different between ethnic groups. As
expected, OS increased with age in Caucasian men (r2 = 0.071, p < 0.010) but surprisingly,
not in Mexican-American men (Figure 1).
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CDR-Sum of Boxes (CDRSUM), a measure of cognitive dysfunction, and the influence of
oxidative stress and testosterone

Of the 96 male participants that met the criteria for having low OS, ANCOVA revealed no
deleterious effects of testosterone on CDRSUM (Figure 2A).

Of the 137 male participants with elevated homocysteine levels (defining the high OS
condition), ANCOVA analysis adjusted for age and education revealed a significant overall
effect of testosterone and ethnicity (F7 137 = 6.375, p<0.001) on CDRSUM. Among
Caucasian men classified as having high OS, normal total testosterone levels were
associated with significantly higher CDRSUM values (i.e., poorer cognitive function)
relative to hypogonadal Caucasian men (F4 67 = 3.578, p=0.011). Interestingly, testosterone
increased cognitive impairment in only Caucasian men diagnosed with AD (F1g 7 = 13.671,
p<0.001) and had no effect on cognitively intact or men diagnosed with MCI. In contrast,
hypogonadal Mexican-American men had significantly higher CDRSUM scores than
Mexican-American men with either borderline and normal total testosterone levels (F4 70 =
8.022, p<0.001). Unfortunately, the sample size for Mexican American men was too low to
determine the effects of testosterone as a function of clinical diagnosis (Figure 2B-C).

Superoxide dismutase 1 (SOD) and the influence of oxidative stress and testosterone

No correlation existed between testosterone levels and SOD expression, regardless of OS or
ethnicity (Figure 3).

Glutathione S-transferase alpha (GST) and the influence of oxidative stress and
testosterone

In male subjects with low OS, ANCOVA analysis adjusted for age and education showed a
significant overall effect of testosterone and ethnicity on GST (F7 g¢ = 3.961, p=0.001).
Mexican-American men in the low OS condition had higher GST levels than Caucasian
men. Further analysis revealed that levels of testosterone were positively associated with
GST levels in Caucasian men (F4 49 = 3.560, p=0.013), while no effects of testosterone on
GST levels in Mexican-American were found in the low OS condition (Figure 4A). In
subjects with high OS, ANCOVA analysis adjusted for age and education revealed a
significant effect of testosterone and ethnicity on GST (F7 137 = 5.009, p<0.001). Mexican-
American men in the high OS condition had higher GST levels than Caucasian men.
Statistical analysis by ethnicity showed that testosterone was negatively associated with
GST levels in Mexican-American men (F4 79 = 3.767, p=0.008) whereas no effects of
testosterone on GST levels in a high OS condition were found in Caucasian men (Figure
4B).

Luteinizing hormone (LH) and cognition

LH regulates the secretion of testosterone from the Leydig cells of the testis. ANCOVA
analysis adjusted for age and education revealed an overall effect of ethnicity on LH (F1 233
=10.822, p < 0.001), in which Mexican American men had greater LH levels than
Caucasian men, but LH did not vary as a function of testosterone levels (Figure 5A).
Analysis of LH revealed that LH levels increased as a function of age in only Caucasian
(r?=0.097, p<0.001) and not Mexican American men. Consistent with prior literature in
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which LH associated with cognitive impairment [40-42], ANCOVA showed a significant
effect of clinical diagnoses and ethnicity on LH (F7 233 = 18.377, p < 0.001). Caucasian men
diagnosed with either AD or MCI had significantly higher LH levels than cognitively intact
men, and no effect of clinical diagnosis was observed in Mexican American men. Statistical
analyses by ethnicity revealed that Mexican American men had higher LH levels than
Caucasian men (F1 233 = 6.043, p < 0.05) (Figure 5B). In subject with high OS, ANCOVA
analysis adjusted for age and education revealed a significant overall effect of LH and
ethnicity (F3 137 = 5.710, p<0.001) on CDRSUM. Among men classified as having high OS,
LH was associated with significantly higher CDRSUM values (i.e., poorer cognitive
function) in only Caucasian men (F 137 = 6.318, p<0.05) (Figure 5C).

DISCUSSION

TRT use in older men has been increasing [5, 6], as supported by a recent three-fold increase
in TRT prescriptions for men over 40 years of age [43]. Results from studies addressing
TRT efficacy and safety in older men have been equivocal, resulting in concerns by the
FDA and NIH [16, 44, 45]. Further, TRT effects on the CNS have not been thoroughly
examined, even though aging and male gender are risk factors for certain neurodegenerative
disorders [18, 19]. Given our prior pre-clinical studies that reported a major influence of OS
on testosterone’s neuroprotective/neurotoxic effects, such that under conditions of elevated
OS, testosterone exerted deleterious effects [23, 24], we examined whether a correlation
existed between levels of testosterone and cognitive function in aged men, and whether the
relationship differed as a function of their OS status (as defined by their levels of serum
homocysteine). Further, given emerging evidence on ethnic differences in the neurobiology
of neurodegenerative disorders 2627, we also determined if the relationship between
testosterone and cognitive function differed between Caucasians and Mexican-Americans.
The current study is the first to investigate the impact of testosterone and ethnicity on these
relationships.

This study supports the conclusion that in older Caucasians, testosterone may be beneficial
under conditions of low OS, but has deleterious effects under the conditions of elevated OS,
especially among Caucasian men diagnosed with AD. Interestingly, this relationship was not
apparent among Mexican-Americans such that testosterone levels were not associated with
negative effects on cognitive function in either subjects with low OS or those with high OS.
One explanation underlying this ethnic difference is the relative abundance of antioxidant
enzymes, as supported by the fact that the Mexican-Americans in our study had higher
levels of GST. As such, Mexican-Americans may have been “protected” from the OS-
exacerbating effects of androgens. Further supporting the “protected” nature of Mexican-
Americans was the fact that OS levels did not vary with age in this ethnic group, in contrast
to the expected increase in OS as a function of age in Caucasians.

In low OS, testosterone was positively associated with the antioxidant enzyme, GST, and no
deleterious effects of testosterone on cognition were noted. This increase in antioxidants
may be one mechanism underlying the lack of cognitive dysfunction in Caucasians with low
OS. However, testosterone’s effects on antioxidants were lost in a high OS condition, in
which testosterone was associated with cognitive dysfunction in Caucasians.
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Interestingly, this study showed that 20% of Caucasians exhibited cognitive dysfunction,
which is consistent with prior studies reporting 20-28% of aging men experienced adverse
events in response to TRT 1112, This suggests that a negative interaction between
testosterone and OS may underlie some of the adverse events associated with TRT.

Our prior pre-clinical studies showed that under conditions of elevated OS, testosterone
switches from exerting cytoprotective effects to exacerbating OS-induced neuronal damage
[23]. We suggest that the data presented herein are consistent with our prior cellular studies;
where only under conditions of high OS did testosterone compromise neuronal health and
viability [23].

In addition to testosterone association with deleterious effects under conditions of oxidative
stress, our studies found that elevated LH, a regulator of testosterone secretion, is also
associated with cognitive impairment under condition of elevated oxidative stress.
Generally, a negative feedback relationship exists between testosterone and LH. However,
this relationship may not be accurate in aging men. Several studies, including this study,
consistently show LH increasing as a function of age in elderly men [46-49]. Furthermore,
increasing evidence indicates that LH may not be correlated with testosterone in aging men
[46, 501, which is consistent with our findings. Associations between elevated LH levels and
AD have been reported by a number of groups, including our study [40-42, 51, 52]. In both
rodent and human studies, LH increased cognitive dysfunction and amyloid-B deposition
[51-54], and an increase in LH levels has been postulated as an initial event in AD
pathology [51]. Our observations of increased levels of LH in Caucasian men diagnosed
with MCI relative to cognitively intact men tends to support this hypothesis.

One of the more interesting findings in the present study is the ethnicity difference between
Caucasian and Mexican American men with regard to their sex steroid profile. There is a
dearth of literature on ethnic differences in sex steroid profiles, and this lack of knowledge is
particularly acute with respect to the impact of aging on such differences. In our study,
Mexican American men consistently had higher serum LH and testosterone levels than
Caucasian men. This increase in serum testosterone levels in Mexican American men is
consistent with previous findings in Mexican American men [55, 56]. This is the first study
to compare LH across different ethnic male populations.

Since our data support the conclusion that OS influences the effect of testosterone,
assessment of the OS “burden” by measuring serum homocysteine levels may be a way to
pre-screen individuals for whom TRT may be indicated. In fact, the current findings, along
with our prior studies, strongly suggest that OS status, and perhaps ethnicity, should be
considered in the decision to treat men with testosterone [17]. Specifically, we propose that
TRT could be beneficial as a neuroprotectant for individuals with low OS. However, under
conditions of high OS (i.e. AD, PD, ischemic stroke), TRT should be avoided, as there
appears to be a high risk for testosterone to exacerbate OS damage. Further, given that OS
did not increase with age in Mexican-Americans, TRT may be an option for young OR older
Mexican-American men.
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Although we used homocysteine as a marker for OS, homocysteine is also an indicator of
low folate and B-12 status [35]. Folate deficiency can induce OS in numerous cell types
[57-59], including OS-mediated degeneration in neuronal cells [60-62]. Prior studies
indicate folate deficiency as a risk factor for AD and dementia [63-66]. However,
randomized clinical trials of B-12 and folate supplements have been unable to show
cognitive benefits [67].

This study was subject to several limitations, primarily a low participant number in the
Mexican-American hypogonadal group (n=2 for low OS and n=4 for high OS). Other
concerns include the fact that our findings have only been observed in a single cross-
sectional cohort and that only a single marker for OS was measured. With respect to
limitations concerning antioxidant enzymes, this study only examined two antioxidant
enzymes, SOD and GST. Clinical studies examining AD and MCI have found differences in
other antioxidant enzymes, such as catalase, glutathione peroxidase, and glutathione
reductase [68—-71]. Previous studies have also shown that testosterone can affect catalase
activity in cells [22, 72, 73]. Although the current study only evaluated the relationship
between testosterone and GST, we feel that it is probable that testosterone alters the other
two enzymes involved in glutathione metabolism, glutathione peroxidase and glutathione
reductase. Ongoing and future experiments are aimed at addressing these issues.
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Figure 1. Total testosterone and oxidative stress levels by ethnicity
Mexican-American men had significantly higher total testosterone levels than Caucasian

Men. Total testosterone levels significantly decreased as a function of age, regardless of
ethnicity (A). SHBG levels were not altered by total testosterone, regardless of ethnicity (B).
Oxidative stress increased as a function of age in only Caucasian men not Mexican-
American men. This effect of oxidative stress in Mexican-American men may be due to
testosterone’s preconditioning effects in younger Mexican-American men (C).
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Figure 2. CDRSUM, a measur e of cognitive dysfunction, and the influence of oxidative stress and
testosterone

In the low oxidative stress condition, testosterone levels did not alter CDRSUM scores in
either Caucasian or Mexican-American men (A). In the high oxidative stress condition,
testosterone significantly increased CDRSUM scores in Caucasian men, but significantly
decreased CDRSUM scores in Mexican-American men (B). Testosterone significantly
increased CDRSUM in Caucasians diagnosed with Alzheimer’s disease (C). * vs.
hypogonadal Caucasian men and # vs. borderline and hypogonadal Mexican-American men.
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Figure 3. SOD and the influence of oxidative stress and testoster one
Testosterone did not alter SOD levels in either Caucasians or Mexican-Americans,

regardless of oxidative stress.
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Figure4. GST and the influence of oxidative stress and testosterone
In low oxidative stress, Mexican-American men had significantly higher GST levels than

Caucasian men. Testosterone increased GST levels in Caucasian men (A). In high oxidative
stress, Mexican-American men had significantly higher GST levels than Caucasian men.
Testosterone significantly decreased GST levels in Mexican-American men (B). # vs.
Caucasian men, * vs. hypogonadal men.
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Figure5. Luteinizing Hormone (LH) and cognition
Testosterone did not alter LH levels in either Caucasians or Mexican-American men.

However, Mexican-Americans have significantly higher LH levels than Caucasians (A). In
Caucasians, LH is higher in men diagnosed with Alzheimer’s disease and Mild Cognitive
Impairment compared to cognitively intact men. No association between LH and disease
status in Mexican-Americans (B). In a high oxidative stress condition, increased LH
significantly increased CDRSUM (cognitive dysfunction) only in Caucasians (C). # vs.
Caucasian men, + vs. Alzheimer’s disease and cognitively intact Caucasian men, $ v.
cognitively intact Caucasian men, * vs. Caucasian men with normal LH.
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